r Endothelial cells employ transient receptor potential isoform 4 (TRPV4) channels to sense ambient mechanical and chemical stimuli.
Introduction
Healthy visual function requires tight control of the milieu within which the transduction and transmission of light stimuli take place. The blood-retinal barrier (BRB) consists of two morphologically and functionally distinct microvascular beds that regulate the exchange of water, electrolytes, oxygen and glucose, mediate the drainage of metabolic products and control entry of neurotoxic plasma-derived proteins, pathogens and immune cells. Choriocapillaries that form the outer barrier are highly fenestrated and permeable, in contrast to the high transendothelial resistance maintained by adherens (AJ) and tight junctions (TJ) between adjacent microvascular endothelial cells (MVECs) that form the inner retinal BRB (Raviola, 1977; Bharadwaj et al. 2013) . Permeability of the inner BRB is dynamically regulated through exchange of local signals [such as nitric oxide (NO), epoxyeicosatrienoic acids (EETs), vascular endothelial growth factor (VEGF)] between ECs, pericytes, astrocytes and Müller glial end-feet. When compromised in chronic retinal diseases such as diabetic retinopathy, glaucoma, uveitis and ischaemia, the decrease in barrier function can significantly augment the pathology (Klaassen et al. 2013) . Vascular permeability is believed to be regulated by calcium influx and arachidonic acid metabolites (i.e., EETs, thromboxanes and prostacyclins) (Moore et al. 1998; Brown and Davis, 2002; Komarova and Malik, 2010; Attwell et al. 2010) but neither the sources nor the sinks that control Ca 2+ homeostasis in retinal microvasculature have been studied in detail.
Here, we investigate the TRPV4 channel as a source of Ca 2+ and regulator of junctional remodelling in human retinal MVECs (HrMVECs). The channel is activated by a remarkably diverse set of physical-chemical stimuli that include cell swelling (Strotmann et al. 2000; Jo et al. 2015; Toft-Bertelsen et al. 2017) , moderate temperature (Güler et al. 2002) , shear stress (Köhler et al. 2006) and EETs (Watanabe et al. 2003; Dunn et al. 2013; Ryskamp et al. 2014) . TRPV4 has been implicated in the regulation of vascular tone (Saliez et al. 2008; Mendoza et al. 2010; Bagher et al. 2012) , endothelial cell orientation, mechanosensing and contractility (Thodeti et al. 2009; Hill-Eubanks et al. 2014; Suresh et al. 2015) but its role in barrier function is under debate (Darby et al. 2016) . The channel was suggested to increase pulmonary vascular resistance (Ke et al. 2015) and strengthen cell-cell junctions (Akazawa et al. 2013 ) yet excessive TRPV4 activation triggers a circulatory collapse due to the breakdown of microvascular permeability barriers (Willette et al. 2008; Villalta et al. 2014) . The inconsistency has been reinforced by studies in Trpv4 knockout mice, which may display protective and pathological phenotypes across different endothelia. An additional confounding aspect is that functional TRPV4 channels can be expressed across multiple cell types that constitute the neurogliovascular unit (Earley et al. 2009; Kim et al. 2016; Redmon et al. 2017 ) and play different functions across different vascular beds (Maishan et al. 2017) . As the first step towards defining the properties of TRPV4 signalling in retinal vascular function, we applied molecular, optical imaging, electrophysiological and vascular permeability assays to study calcium regulation, cytoskeletal organization and barrier permeability in cultured retinal MVECs. We found that TRPV4 activation induces massive influx of Ca 2+ that underlies cytoskeletal remodelling, reorganization of AJs together with reversible changes in barrier permeability in vitro, and loss of vascular barrier function in vivo. These findings pinpoint TRPV4 as a potential modulator of activity-dependent modulation of vascular permeability and blood flow in healthy retinas and a target for pathological remodelling associated with vascular leakage in retinal disease.
Methods

Ethical approval
We acknowledge the ethical principles of The Journal of Physiology and confirm that the protocols were performed within these principles and in accordance with the NIH Guide for the Care and Use of Laboratory Animals, the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the Institutional Animal Care and Use Committee at the University of Utah. The in vivo experiments were conducted with wild type C57BL/6J (Jackson Laboratory: 000664; Bar Harbor, ME, USA) and Trpv4 −/− mice on C57BL/6J background obtained from Dr Wolfgang Liedtke (Duke University, Durham, NC, USA). The mice were reared in a pathogen-free facility with a 12 h light/dark cycle and ad libitum access to food and water. An abstract containing a portion of this work was published as Ts'o et al. (2017) . human retinas followed the tenets of the Declaration of Helsinki. The eyecups were fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), pH 7.4, for 2 h and dehydrated in 30% sucrose in PBS overnight (Ryskamp et al. 2011) . The tissue was embedded in OCT (Sakura Finetek, Leiden, The Netherlands) and stored at −80°C. Retinas were vertically sectioned at 12 μm, collected onto Superfrost slides and kept at −20°C until use.
Chemicals
The following drugs were used: GSK1016790A (hereafter GSK101, Millipore/Sigma, Billerica, MA, USA/St Louis, MO, USA) and HC067047 (hereafter HC-06, Sigma). Typically, GSK101 and HC-06 were aliquoted to 1 and 5 mM stocks in dimethyl sulfoxide (DMSO). Other chemicals used in this study were purchased from Sigma.
Immunoblotting
As previously described (Phuong et al. 2013; Ryskamp et al. 2016) 
Reverse transcription-PCR amplification
RT-PCR in HrMVECs was performed as described (Jo et al. 2015; Ryskamp et al. 2016) . mRNA was isolated with TRI Reagent (Sigma) and total RNA concentrations (2 μg) were converted to cDNA using the qScript XLT cDNA Supermix (Quanta). Primers for human Trpv1-4, Pecam-1 were designed by using Primer-BLAST program (NCBI) ( Cultured cells were labelled as described (Ryskamp et al. 2016) ; protocols for staining human retinal sections were adapted from Rentería et al. (2005) . HrMVECs were plated on glass coverslips in 24 well plates and grown to 100% confluent monolayers (i.e. 5-7 days). The growth medium was changed every 2 days. AJ/TJ proteins were evaluated following treatment with GSK101 (5 nM), HC-06 (5 μM) or GSK101 + HC-06 for 30 min at 37°C. Samples were rinsed with three times in PBS and fixed with 4% paraformaldehyde for 10 min at room temperature. Samples were blocked for 1 h at room temperature with 5% fetal bovine serum and 0.3% Triton-X. Primary antibodies in the dilution buffer (2% bovine serum albumin, 0.3 % Triton-X, PBS) were added to plate wells overnight at 4°C. The primary antibodies as given in Table 2 were used. The samples were washed three times for 5 min each with PBS and incubated with secondary antibodies: antirabbit Alexa Fluor-488, anti-rabbit Alexa Fluor-594, anti-mouse Alexa Fluor-488, anti-mouse Alexa Fluor-594 (all 1:1000, Life Technologies Inc., Carlsbad, CA, USA) or phalloidin-actin conjugated to Alexa Fluor-488 (1:1000). Vasculature in sections from human retinas was labelled with Dylight 594-conjugated tomato (Lycopersicum esculentum) lectin (Vector, DL-1177). Images were taken using an Olympus confocal microscope (C1100) and collected through a 40× lens (0.8 NA). Cell-cell junctional area overlaps were calculated as described (Seebach et al. 2007 ).
Calcium imaging
HrMVECs were seeded on glass coverslips for 48 h, loaded with Fura-2AM (Invitrogen, Carlsbad, CA, USA) for 40-60 min, and washed with the bath solution containing (in mM): 140 NaCl, 4.7 KCl, 1.2 MgCl 2 , 5.6 glucose, 10 HEPES, 1.8 CaCl 2 (pH 7.4, osmolarity 295-300 mOsm/L) for 5-30 min. The imaging followed recently published protocols (Ryskamp et al. 2014; Molnar et al. 2016) . Excitation for 340 and 380 nm filters (Semrock, Rochester, NY, USA) was delivered by a liquid light guide from a 150 W Xenon arc lamp (DG4, Sutter Instruments, Novato, CA, USA). Fluorescence emission was high pass-filtered at 510 nm and captured with a cooled digital CCD camera binned at 3 × 3 or 4 × 4 (Photometrics, Novato, CA, USA). Data acquisition and F 340 /F 380 ratio calculations were performed by NIS Elements 3.22 (Nikon), typically on circular regions of interest encompassing the endothelial cell nucleus. Background fluorescence was measured in similarly sized regions of interest in neighbouring areas devoid of cells, and subtracted. Data in a subset of experiments are presented as background-subtracted 340/380 nm ratios.
Electrophysiology
Membrane properties of HrMVECs were investigated as described (Ryskamp et al. 2016) . Cells were plated on glass coverslips 48 h prior to the experiments. Patch pipettes were pulled from borosilicate glass on a P-2000 micropipette puller (Sutter Instruments, Novato, CA, USA). Membrane properties were assessed using whole-cell patch clamp by applying ramp voltage commands (−100 to +100 mV relative to the holding potential for 1 s), at a frequency of 0.2 Hz. Resting potentials were recorded in the current-clamp mode and at zero holding current in voltage-clamp mode. Whole-cell currents were monitored using an Axon Multiclamp 700B and the Digidata 1550 (Molecular Devices, Sunnyvale, CA, USA) AD converter, and digitized at 10 kHz with a low pass 5 kHz Bessel filter. If not otherwise stated, the standard bath recording solution contained (in mM): 150 NaCl, 3 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES and 5.5 D-glucose (pH was adjusted with NaOH to 7.4). The internal solution contained (in mM): 125 potassium gluconate, 10 KCl, 1 MgCl 2 , 4 Mg-ATP, 0.6 Na-GTP, 5 BAPTA (caesium salt), 10 HEPES (pH 7.3 was adjusted with KOH). The filled-tip resistance was between 7 and 10 M . All experiments were performed at room temperature (22-24°C).
Electric cell substrate impedance sensing
The permeability of HrMVECs was measured as described (Gibson et al. 2015) . In brief, HrMVECs were seeded in complete medium on fibronectin-coated 96 well electric cell substrate impedance sensing culture plate (96W10E+, Applied Biophysics, Troy, NY, USA) at a density of 4 × 10 4 cells per well. Cells were monitored until a stable monolayer formed with 100% confluence. For permeability measurements, cells were treated with 0.5% DMSO (positive control), 2.5, 5.0 or 10.0 nM GSK101 in the presence/absence of the selective antagonist HC-06 (5 μM). Impedance was normalized for each well before treatment, and plotted in real time across 24 h as a 'Normalized Cell Index' (Sun et al. 2012; Ziegler et al. 2016) ELISA Cells (10 4 per well, six-well plates) were cultured for 5 days to form monolayers. After 3-4 washes with growth medium EBM-2 lacking culture supplement, 300 μl of GSK101 (final concentration range 1-5 nM) or HC-06 (5 μM) was added for 30 min; the vehicle DMSO (0.1% in medium without supplement) was added to control wells. The supernatant was harvested into 1.5 ml tubes, centrifuged at 12,000 r.p.m. for 3 min and transferred to tubes containing protease inhibitors. VEGF was measured with a commercial ELISA kit from R & D Systems (Minneapolis, MN, USA).
In vivo vascular leakage assay
The in vivo dye leakage assay was performed using Evans Blue, a tetrasodium diazo dye that binds plasma albumin in a 10:1 ratio. The method takes advantage of extravasation of plasma from leaking blood vessels into the surrounding tissue, where it is quantified. Its sensitivity in studies of BRB breakdown is comparable to radioisotope measurements (Xu et al. 2001; Jones et al. 2008) . C57BL/6J WT and Trpv4 −/− mice on the C57BL/6J background were anaesthetized by intraperitoneal injection of ketamine/xylazine, followed by intravitreal injection of 1.5 μl of 5 μM GSK101 into the ipsilateral eye; the contralateral eye received 1.5 μl of the vehicle (PBS). After 5-10 min, the anaesthetized animals were injected with 50-100 μl of 60 mg ml
Evans Blue into the femoral vein. Two hours after the dye injection, the animals were killed via isoflurane overexposure (AB-1 box, Braintreee Scientific, Inc., Braintree, MA, USA). Another cohort of WT/KO animals was anaesthetized with ketamine/xylazine and injected with GSK101/PBS. After 24 h, these mice were anaesthetized with ketamine/xylazine for Evans Blue injection, and then killed by isoflurane overexposure. The dye accumulated in the retina was eluted overnight in 200 μl of formamide solution in 1.5 ml tubes at 60°C. Samples were centrifuged at 14,000 r.p.m. for 5 min. One hundred microlitre samples of the eluted Evans Blue in formamide solution was measured using the Modulus II Microplate Multimode Reader (Turner BioSystems, Sunnyvale, CA, USA) at 620 nm excitation and 680 nm emission; formamide was used as the blank control. The absorbance signal from GSK101-injected eyes was normalized to that of the contralateral PBS-injected eye.
Analysis
Data expressed as means ± SEM were analysed by Student's t test. Values of P < 0.05 were considered to be significant.
Results
TRPV4 is expressed in HrMVECs
To gain insight into the role of TRPV4 channels in HrMVECs we analysed the expression of cognate vanilloid Trp mRNAs together with the endothelial-specific transcript marker Pecam-1 (CD31). The predominant transcripts were encoded by Trpv1 and Trpv4 genes whereas the levels of Trpv2 and Trpv3 were below the resolution of the RT-PCR assay (Fig. 1A , number of independent experiments (N) = 3). An anti-TRPV4 antibody, validated in kidney and ocular Trpv4 −/− preparations (Ryskamp et al. 2011; Jo et al. 2016) , yielded the expected protein bands at ß90 and ß98 kDa, with human choroidal endothelial cells (HCECs) showing lower protein levels compared to HrMVECs (Fig. 1B, N = 3) . The TRPV4 antibody (Fig. 1Ca) and Trpv4:eGFP constructs (Fig. 1Cb) labelled the HrMVEC plasma membrane in subconfluent MVECs as indicated by colocalization with wheat germ agglutinin (WGA), a marker of glycosylated membrane proteins. The localization of Trpv4:eGFP signals in the cytosol matched the staining with the TRPV4 antibody; cytosolic expression presumably reflects low PACSIN3 (protein kinase C and casein kinase substrate in neurons 3) levels that are typical of cultured cells (Cuajungco et al. 2006) .
We labelled human retinal sections for TRPV4, the blood vessel marker DyLight 594-Tomato Lectin and the Müller cell marker glutamine synthetase (GS). Similar to TRPV4 immunolocalization in the mouse (Ryskamp et al. 2011 (Ryskamp et al. , 2014 Jo et al. 2015) , human retinas showed TRPV4 immunoreactivity (ir) in the retinal ganglion cell layer and presumed retinal ganglion cells (RGCs; arrowheads in Fig. 2A) , and in GS-labelled Müller glial processes and endfeet (arrowheads in Fig. 2B ). Inner retinal microvasculature marked by the lectin was double-labelled by the TRPV4 antibody (arrows in Fig 2) , with TRPV4-ir abolished by preadsorption with the immunizing peptide J Physiol 595.22 (Fig. 2C) . These data show that (i) TRPV4 localization in the human retina mirrors its expression in rodent retinas and (ii) both cultured MVECs and intact blood vessels express TRPV4.
TRPV4 is functionally expressed in human MVECs
The functional expression of TRPV4 channels was assessed using electrophysiology and optical imaging. HrMVECs were voltage-clamped at ±100 mV and stimulated with the selective TRPV4 agonist GSK101 (3 nM). GSK101-evoked transmembrane currents were characterized by slow onset and peak average amplitudes of −327 ± 109 pA (holding potential V h = −100 mV) and 685 ± 230 pA (V h = +100 mV) that relaxed towards a sustained plateau (circles in Fig. 3A) . Currents induced at positive and negative holding potentials were abolished by the co-application of HC-06 (triangles in Fig. 3A ). When the membrane potential was ramped between ±100 mV, the GSK101-dependent conductance exhibited modest outward rectification, reversal potential of 9.9 ± 7.1 mV (number of the animals used (n) = 10) and inhibition by HC-06 (Fig. 3B-D) , an I-V signature that is typical of 'canonical' TRPV4 currents (Redmon et al. 2017) . The average resting membrane potential measured under current clamp conditions was −15.80 ± 0.97 mV whereas GSK101 depolarized the cells to 5.0 ± 1.3 mV (Fig. 3E  and F) . Given that TRPV4 is a nonselective cation channel with a slight preference for calcium (P Ca /P Na = 6-10; Redmon et al. 2017) , we evaluated the changes in calcium homeostasis associated with its activation in MVECs. Cells were loaded with the Ca 2+ indicator Fura-2AM and stimulated with GSK101 (1-10 nM). The agonist elevated the 340/380 nm ratio with an EC 50 of 1.58 ± 0.72 nM; at 1 nM, it elevated the 340/380 nm ratio from the baseline of 1.10 ± 0.02 to 2.31 ± 0.04 (n = 152, N = 3; P < 0.0001) (Fig. 4A and B) . Similar [Ca 2+ ] i increases were observed in response to 4ɑ-PDD, a chemically distinct TRPV4 agonist (Fig. 4C) . Confirming selectivity, GSK101-and 4ɑ-PDD-evoked signals were abolished by the selective antagonist HC-06 (5 μM) and by the nonselective TRP antagonist Ruthenium Red (RR) (Fig. 4C and D) . Both the number of GSK101-responding cells and the peak amplitudes of [Ca 2+ ] i signals were significantly lower in HCECs compared to MVECs (Fig. 4E and F) .
The peak amplitude of TRPV4-mediated signals was attenuated by cyclopiazonic acid (CPA; 10 μM). Applied alone, CPA transiently increased [Ca 2+ ] i due to the blockade of sarcoplasmic-endoplasmic ATPases (SERCAs) (Križaj et al. 2003) . When cells were stimulated with GSK101 in the presence of CPA, the average R/R responses were reduced from 1.21 ± 0.077 in control cells to 0.83 ± 0.036 (n = 95, N = 3; paired t test, P < 0.00001) (ß31% decrease; Fig. 4G and H) . These results suggest that TRPV4 activation in HrMVECs is positively coupled to calcium-induced calcium release and that its role in Ca 2+ homeostasis may differ in inner and outer retinal microvascular beds.
TRPV4 regulates the permeability of HrMVEC monolayers
To test whether [Ca 2+ ] i increases evoked by TRPV4 activation modulate the retinal microvascular endothelial barrier we used the ACEA xCELLigence system to measure the paracellular current flow across HrMVEC monolayers (Sun et al. 2012; Gibson et al. 2015) . GSK101 triggered time-and concentration-dependent reductions in monolayer impedance (Fig. 5) . The 'normalized monolayer impedance' in the presence of 2.5, 5 and 10 nM GSK101 showed 8.0 ± 1.27, 80.4 ± 1.6 and 93.8 ± 0.45% decreases, respectively (n = 3 per concentration; n ࣙ 3 wells per concentration per experiment). The effects of 2.5-5 nM GSK101 were fully reversible, returning to control levels within 1-3 h of exposure whereas monolayers stimulated with 10 nM GSK101 did not show complete recovery for up to 15 h after exposure. Applied alone, HC-06 (5 μM) did not affect the monolayer permeability, although it inhibited the GSK101-induced effects (P < 0.00001) (Fig. 5D ). These results demonstrate that TRPV4 activation dramatically increases the permeability of retinal microvascular endothelial monolayers.
VEGF is a potent regulator of retinal barrier integrity and breakdown (Kevil et al. 1998; Miyamoto et al. 2000) . We tested whether the TRPV4-dependent increase in MVEC monolayer barrier permeability is associated with changes in VEGF release. Cells were cultured for 5 days, exposed to GSK101, HC-06 and GSK101+HC-06 for 30 min and the concentration of VEGF was determined using a commercial ELISA kit. Neither exposure to GSK101 (1, 2.5 and 5 nM) nor exposure to HC-06 (5 μM) changed the amount of VEGF released into the supernatant when compared to the vehicle-exposed control (P > 0.05; N = 3 independent experiments) (data not shown).
TRPV4 agonist induced retinal blood vessel permeability in vivo
Disruption of the endothelial barrier may result in increased permeability and vascular leakage. To determine if endothelial junctional remodelling caused by TRPV4 overactivation is associated with in vivo permeability changes, we conducted the standard vascular leakage assay based on Evans blue, an albumin-binding azo dye (Jones et al. 2008) . The lateral tail vein of WT and Trpv4 −/− mice was injected with the dye, 5 min after intravitreal injection of GSK101 and spectrometric analysis of the retinal dye content. In 3/4 experiments, the TRPV4 agonist increased the vascular leakage in WT (N = 15 retinas) compared to Trpv4 −/− retinas (N = 11), with an average increase of ß30% (1.56 ± 0.068 vs. 1.10 ± 0.14; P = 0.033). The effect was detectable 2 h after injection but was not observed at 24 h (N = 9) ( Fig. 5E and F) . Thus, TRPV4 activation may be sufficient to increase retinal vascular permeability.
TRPV4 activation induces remodelling of AJ and TJ proteins in HrMVECs
We next tested the hypothesis that TRPV4-induced modulation of endothelial permeability involves the readjustment of intercellular contacts maintained by AJs (zonulae adherentes) and TJs (zonulae occludentes). The former are composed of vascular endothelial cadherin (VE-cadherin), which binds to actin, extracellular matrix and accessory intracellular catenin proteins in a Ca 2+ -dependent manner (Giampietro et al. 2012 ). VE-cadherin and β-catenin form zigzag-like structures within overlapping cell-cell domains in confluent and non-confluent monolayers ( Fig. 6A and B) . Exposure to GSK101 'smoothened' the tortuous distribution of both AJ proteins and decreased the area overlap ( Fig. 6A and B) without affecting the total expression of TRPV4 (Fig. 6E) . Quantification of GSK101-induced changes in the junctional contact area showed ß32.1% reduction in β-catenin and ß25.6% reduction in VE-cadherin colocalization (P < 0.001) (Fig. 6Ci, ii) whereas HC-06-treated cohorts and cells treated with HC-06 + GSK101 showed little junctional remodelling (Fig. 6) . TJs are another important regulator of endothelial barrier permeability (Kevil et al. 1998; Brown and Davis, 2002) . GSK101 treatment triggered an ß40% decrease in protein levels of occludin (P < 0.05), an integral component of TJs, and this effect that was rescued by the TRPV4 antagonist ( Fig. 6D and E) . These data suggest that TRPV4 activation drives junctional remodelling through redistribution of VE-cadherin and β-catenin and downregulation of occludin.
TRPV4 modulates F-actin filament distribution in HrMVECs
VE-cadherin, β-catenin and occludin localization are regulated by the actin cytoskeleton (Wheelock & Johnson, 2003; Ratheesh & Yap, 2012) , which also binds the Ser824 residue of TRPV4 (Fan et al. 2009; Shin et al. 2012) . To determine whether the TRPV4-dependent reorganization of AJ, downregulation of TJ protein and increased permeability of HrMVEC monolayers correlate with actin remodelling, we labelled the cells with phalloidin:actin in the presence of GSK101, HC-06, GSK101+HC-06 or the vehicle (DMSO). The TRPV4 agonist disrupted cortical F-actin area overlap (Fig. 7A) , an effect that was blocked by the pre-treatment with HC-06. We visualized the remodelling in real time in cells transfected with F-actin:mApple constructs. As shown ( Fig. 7B and Supporting Information, Video S1) for Fura-2-loaded cells simultaneously imaged for actin and [Ca 2+ ] i , GSK101-induced actin loss from the cell cortex was followed by a gradual accumulation of the actin probe within the perinuclear region (Fig. 7B ) and was associated with a massive increase in cell [Ca 2+ ] i (Fig. 4A ). These results demonstrate that TRPV4-mediated Ca 2+ influx modulates the organization of the MVEC cytoskeleton.
Discussion
The results of the present study show that TRPV4 regulates Ca 2+ homeostasis, cytoskeletal remodelling and junctional permeability of retinal MVECs. TRPV4 agonists increased the in vitro and in vivo permeability of MVEC barriers together with increases in [Ca 2+ ] i , disassembly of VE-cadherin:β-catenin-containing junctions and reorganization of the actin cytoskeleton. Together, our data suggest that TRPV4 functions as a polymodal sensor of physical-chemical stimuli that dynamically modulate the permeability of the inner retinal endothelial barrier.
HrMVECs and blood vessels from donor retinas express TRPV4 mRNA and protein, with the two molecular weight bands in protein lysates indicating the possible presence of glycosylated and non-glycosylated variants (Narita et al. 2015) , membrane vs. intracellular pools (Vriens et al. 2005) and/or long vs. short forms of the protein (Strotmann et al. 2000) . Consistent with other endothelia (Earley & Brayden, 2015) , transcript analysis shows TRPV4 to be the dominant vanilloid isoform in rMVECs, which also express TRPV1 but lack TRPV2/TRPV3. Functional expression was confirmed by GSK101-induced transmembrane currents that exhibited the 'canonical' signature associated with the eicosanoid signalling pathway: outward rectification, reversal at ß0 mV and delayed onset-to-peak and a sustained plateau phase (Loot et al. 2008; White et al. 2016; Redmon et al. 2017) . While slower from the millisecond response times reported in bovine capillary endothelial cells in which the channel may be directly sensitive to mechanical forces (Matthews et al. 2010) , the rMVEC response to the TRPV4 agonist mirrors metabotropic activation of the canonical phospholipase A2/CYP450 pathway reported for the lung, kidney, cardiac and CNS endothelial barriers (Hartmannsgruber et al. 2007; Marrelli et al. 2007; Loot et al. 2008) . The potency of GSK101 to induce increases in [Ca 2+ ] i and barrier permeability in HrMVEC monolayers (EC 50 ß1.6 nM) was close to previously reported affinities of mouse and human TRPV4 channels (EC 50 3-20 nM; Thorneloe et al. 2008; Willette et al. 2008) , with amplitudes that exceeded the signals in other TRPV4-expressing ocular cells by ß10-fold (Ryskamp et al. 2014 (Ryskamp et al. , 2016 Jo et al. 2016) . Ca 2+ release from internal stores contributed ß30% of the overall response amplitude, a relatively modest proportion compared to the ß75% Ca 2+ store component reported in bovine MVECs (Monaghan et al. 2015) . HC-06 alone had no effect on Ca 2+ homeostasis, suggesting that TRPV4 and/or TRPV4-TRPC1 heteromers (Ma et al. 2011) did not contribute to baseline [Ca 2+ ] i . The ß30% increase in Evans Blue extravasation in WT retinas exposed to GSK101 in vivo is congruent with the increased barrier permeability, cytoskeletal and Ca The 'normalized monolayer impedance' is derived by dividing the impedance value by the value at a reference time point. A, 2.5 nM (red), 5 nM (brown) and 10 nM (green trace) GSK101 dose-dependently decrease the resistance of HrMVEC monolayers. B, cumulative data for the experiments shown in A (N = 3). C, HC-06 (orange) inhibits 10 nM GSK101-induced decreases in monolayer resistance (brown trace) (N = 3). D, averaged data from C. * P < 0.05, * * P < 0.001, * * * * P < 0.00001, paired t test. E, systemic injection of GSK101 increases the retinal extravasation of Evans Blue 2 h after dye injection, indicated by increased absorbance signal in WT (grey bar) compared to Trpv4 −/− retinas (red bar). The dots represent individual retinas; values are normalized to control values of dye-exposed retinas in the absence of the TRPV4 agonist. Retinal extravasation was measured 2 and 24 h after GSK101 treatment. F, cumulative data for three independent experiments from WT (black bars) and Trpv4 −/− retinas measured 2 and 24 h after GSK101 treatment. * P = 0.033; N.S., P > 0.05; one-way ANOVA. Mean ± SEM. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.22
the systemic effects of GSK101 (EC retraction, vascular leakage, loss of vessel tone and fatal circulatory collapse) reported in pulmonary endothelia (Willette et al. 2008; Sokabe & Tominaga, 2010; Villalta et al. 2014) .
The dramatic yet reversible decreases in the microvascular transendothelial resistance induced by the selective agonist show that activation of the TRPV4 channel is sufficient to dynamically regulate the permeability of the endothelial component of the BRB. The resistance decrease was correlated with VEGF-independent remodelling of cortical F-actin, redistribution of VE-cadherin from interdigitated processes between adjacent cells to a smoother membrane surface, dislocation of β-catenin and decreased expression of occludin. We hypothesize that Ca 2+ influx controls local actin remodelling (Shin et al. 2012; Ryskamp et al. 2016) , organization of focal adhesions (Thodeti et al. 2009 ) and bonding between VE-cadherin and β-catenin (Brown & Davis, 2002; Giampietro et al. 2012; Giannotta et al. 2013) and that these processes feed back to dynamically adjust the strength of the local mechanochemical transduction and cell-cell coupling that control barrier permeability. The time course of recovery from increased transendothelial monolayer permeability was slower (ßhours) compared to the relatively rapid agonist response (ßminutes), presumably due to the compensatory activation of downstream signalling pathways (MAPKs/Src/Raf/Ras, RhoA and myosin-light chain kinase pathways; Zeiller et al. 2009; Eyckmans et al. 2011) . The focus on single cells allowed us to confine the effects of TRPV4 activation to MVECs, and evade concomitant activation of other cellular components of the neurogliovascular unit. If (as suggested by a recent study in bovine MVECs; Monaghan et al. 2015) inner retinal TRPV4 is predominantly localized to endothelial cells, vascular leakage induced by GSK101 largely reflects activation of EC-intrinsic channels. In this scenario, the sensitivity to intraluminal pressure and shear flow, myogenic contraction and responsiveness to Ca 2+ -dependent vasoactive modulators released from adjacent glial end-feet are principally mediated through the endothelium with minor contributions from neurons, pericytes and glia. In the more likely case that the channel is functionally expressed by other components of neurogliovascular units which match the supply of metabolites to local energy needs of neuronal circuits (Attwell et al. 2010) , TRPV4 activation would simultaneously take place in pericytes, glia astrocytes, Müller cells and/or RGCs (Sonkusare et al. 2012; Kim et al. Kim et al. 2016; Berna-Erro et al. 2017 ). The differences in TRPV4 expression in cells that form the inner and outer BRB (MVECs and HCECs) are consistent with the heterogeneity of TRPV4 signalling across dissimilar vascular beds (Maishan et al. 2017) , and reinforce the view that CNS endothelia and epithelia employ diverse molecular mechanisms to regulate barrier permeability. Another illustrative example of molecular heterogeneity of TRPV4-dependent barrier regulation is the choroid epithelial barrier, in which permeability increase is subserved by the reorganization of TJs (redistribution of claudin 1 and ZO-1; Narita et al. 2015) rather than the remodelling of AJs.
Endothelial TRPV4 transduces diverse physical stimuli that include tensile stress, shear flow, swelling, intraluminal pressure and vascular repair (Koehler et al. 2006; Troidl et al. 2009; Schierling et al. 2011; Bagher et al. 2012) and chemical stimuli that include endocannabinoids, EETs and acetylcholine (Watanabe et al. 2003; Zhang et al. 2009 ). Our results show that TRPV4 activation provides a net depolarizing drive to rMVECs, and link TRPV4 to modulation of actomyosin contractility and long-term upregulation of actin stress fibres in response to mechanical stress (Ryskamp et al. 2016) . Future studies will determine whether TRPV4-associated microdomains in MVECs contribute to Ca 2+ -dependent activation of nitric oxide synthase, K Ca channels and/or EET release that have been reported in other endothelia (e.g. Attwell Bagher et al. 2012; Sonkusare et al. 2012) . Another possible modulator of these signaling mechanisms could be TRPV1 channels which, similar to the isoform 4, are expressed in MVECs, activated by derivatives of arachidonic acid (EETs, lipoxygenase products and endocannabinoids) and may contribute to endothelium-dependent relaxation (Yang et al. 2010) . Unfortunately, currently available TRPV1 antibodies are not sufficiently selective to label mammalian retinal tissue (Jo et al. 2017) . Overall, this report provides evidence that TRPV4 channels regulate retinal endothelial Ca 2+ homeostasis, cytoskeletal and VE-cadherin remodeling, and suggests a potential mechanism that modulates the permeability of MVEC barriers in response to a diverse array of mechanical and chemical stimuli in the inner retina. TRPV4 activation could contribute to use-dependent redistribution of blood flow from superficial to deep vascular plexi by stimulating Ca 2+ -dependent production of nitric oxide in response to local elevations of eicosanoids (EETs and 20-HETE). Interactions with caveolin-1 (Saliez et al. 2008) could modulate BRB permeability in the presence of dyslipidaemic stress , with TRPV4-dependent junctional remodelling playing a role in the loss of vascular autoregulation associated with focal fluid leakage, angiogenesis, oedema formation and transendothelial invasion of monocytes in retinal pathologies such as glaucoma, diabetic retinopathy, ischaemia and blast trauma (Navaratna et al. 2007; Klaassen et al. 2013; Narita et al. 2015) . While TRPV4 activation can be modulated by mechanical trauma, hypercholesterolaemia and hyperglycaemia (Loot et al. 2008; Ma et al. 2011; Monaghan et al. 2015; Lakk et al. 2017) , its effects on vascular mechanosensing are likely to be influenced by changes in the expression of CYP450 (CYP2C; CYP2J) enzymes and translocation of TRPV4 from submembrane reserve pools (White et al. 2016; Redmon et al. 2017) . Conditional elimination of TRPV4 from RGCs, Müller cells, astrocytes and pericytes will be required to clarify the respective functions of TRPV4-dependent sensory transduction to neurogliovascular function in the inner retina.
